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GENERAL BACKGROUND

THE SWEDISH NUCLEAR POWER PROGRAM

During 1983 10 reactors were in operation generating 377 of the
total Swedish electric power production. Two reactors, Oskarshamn
3 and Forsmark 3, were under construction. The Swedish parlia-
ment has decided that the nuclear power program is to be limited
to 12 reactors and that no nuclear reactor is to be operated
after the year 2010. This constitutes the basis for the present
nuclear waste management planning in Sweden.

WASTE TYPES, QUANTITIES AND PRINCIPLES OF HANDLING
AND FINAL STORAGE

Following the parliamentary resolution to limit the Swedish nuc-
lear power program, an overall estimate can be made of the quan-
tities of different types of radioactive waste that will have to
be disposed of in Sweden.

The maximum quantity of spent fuel is estimated to about 7 500
tonnes (metric tons). Approximately 107 of this amount, or about
730 tonnes, 1s covered by foreign reprocessing contracts stipula-
ting that most of the radioactive waste from reprocessing is to
be returned to Sweden for final storage. At the present time, no
further reprocessing of Swedish spent nuclear fuel can be fore-
seen. In the first place, there is a shortage of available interna-
tional capacity, and in the second place, it is unclear as to
whether reprocessing of spent fuel from the limited Swedish nuc-
lear power program is desireable.

The types and total quantities of various waste categories cur-
rently of relevance in Sweden are given in Table 1-l1. In addi-
tion to these quantities about 5 000 m3 of radioactive wastes
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Table 1-1. Waste categories
Waste category Origin Waste form Properties Quantity
la Spent fuel Operation of Fuel rods encap- High heat flux 4 B40O canisters
nuclear reactors sulated in copper and radiation at
canisters first. Contains
long-lived
nuclides
1b High-level Residual products Vitrified waste High heat flux 730 canisters
waste from reprocessing encapsulated in and radiation at
lead-titanium first. Contains
canisters long-lived
nuclides
2 Transuranic- Waste from the Solidified in con- Low- to medium- 4 500 o
bearing waste reprocessing crete or bitumen level. Contains
process long-lived
nuclides
3 Core components Scrap metal in- Untreated or cast Low- to medium- 15 000 m3
and internals side reactor in concrete level. Contains
tanks certain long-
lived nuclides
4 Reactor waste Operating waste Solidified in con- Low~ to medium- 116 000 m3
from nuclear crete or bitumen. level. Limited
power plants etc. Compacted waste life time
5 Dismantling From dismantling Untreated for the Low~ to medium- 114 000 w
waste of nuclear faci- most part level. Limited
lities life time

from other sources (industrial and medical use of radioisotopes)
will be finally deposited together with the reactor waste accor-
ding to a special aggreement signed between SKBF and STUDSVIK du-

ring 1983.

1.3 LEGISLATION AND NATIONAL AUTHORITIES

Activities aimed at a safe handling and final disposal of radio-
active waste from nuclear power generation in Sweden are regulat-
ed by several Acts. Basic licences are 1issued by the Govern-
ment. The processing of licence applications and the enforcement
of regulations are handled by various national authorities.

A new Act on Nuclear Activities was proposed by the Govermment
during 1983 and entered into force Febr 1, 1984. This Act repla-
ces the earlier Nuclear Energy Act and the Stipulation Act. The

new Act sets forth the basic regulations on construction, pos-
session or operation of nuclear facilities as well as on the pos-

session or handling of nuclear material or nuclear waste.
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A special licence is required before fueling a new reactor. It
is granted only if the reactor owner (1) has shown to the satis-
faction of the Govermment that there exists an acceptable method
for the handling and final disposal of spent nuclear fuel and
(2) presented an acceptable plan for the continued research and
development needed for the implementation of the waste manage-
ment program. Updated versions of this plan shall be submitted
every third year to the Govermment or to the authority designa-
ted by the Govermment for examination and evaluation.

The Radiation Protection Act contains regulations aimed at pro-
tection against ionizing radiation.

The Environment Protection Act contains regulations aimed at pro-
tection of the enviromment.

The Building Act §136a sets forth stipulations for the siting
of so-called "polluting industrial plants".

The municipality has the right of veto.

The Financing Act stipulates that the primary technical and econ-
omic responsibility for the disposal of radioactive waste lies
with the reactor owner and that the State shall control the ar-
rangements and guarantee the filnancing of future activities
through funds built up from charges levied on nuclear electricity

production.

The following national authorities deal with matters connected
to radioactive waste management

- The Swedish Nuclear Power Inspectorate, SKI, supervises and
controls the design, construction and operation of nuclear faci-

lities,

~ The Swedish Radiation Protection Institute, SSI, supervises
and controls that appropriate measures for radiation protec-
tion are taken by the utilities,

- The National Swedish Franchise Board for Enviromment Protec-
tion is licensing authority as fas as other than radiological
impacts on the enviromment are concerned,

- The National Board for Spent Fuel, NAK, supervises and con-
trols the utilitles program for R&D and administers the funds
for future costs for the radioactive waste management.
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1.4

1.5

1.5.1

THE POWER INDUSTRY’S ORGANISATION FOR WASTE
MANAGEMENT

The New Act on Nuclear Activities mentioned in the preceding sec-
tion entering into effect on 1984-02-01 regulates the division
of responsibility between the State and the power utilities with
respect to the handling and final storage of spent nuclear fuel
and radioactive waste stemming from such fuel. The Act also co-
vers the dismantling of the nuclear power plants, but not the ma-

nagement of reactor waste that is continuously produced during the
operation of the nuclear power plants.

The Swedish legislation explicitly puts the primary responsibili-
ty for the radioactive waste management on the nuclear power uti-
lities. The role of the national authorities is mainly to super-
vise and control that the activities are sufficient, relevant
and in accordance with legal requirements. The utilities (The
Swedish State Power Board, Sydkraft, OKG and Forsmarks Kraft-
grupp) have delegated the execution of the activities in this
fiel?)to the jointly owned Swedish Nuclear Fuel Supply Company,
SKBF*/,

Departments have been organised within SKBF for wvarious tasks.
Research and development activities are conducted within the KBS
department (Kirnkraftavfallets Behandling och Slutfdrvaring =
Handling and Final Disposal of Nuclear Power Waste). Other depart-
ments within SKBF are responsible for the construction and opera-
tion of CLAB and for the transportation system. SKBF“s and KBS~
places in the organisation scheme are shown in Figure 1-1.

PROGRAM AND GOAL OF KBS’ WORK

General

The scheme in Figure 1-2 illustrates the principle for the hand-
ling of assignments within KBS.

KBS was organized in connection with the enactment of the Stipu-
lation Act in 1977 and was assigned the responsibility of conducting
such studies and preparing such reports as are required by the
Act. The two alternatives offered by the Act - demonstrating how
a safe handling and final storage can be effected either for
high-level waste from reprocessing or for spent nuclear fuel -
have accordingly been dealt with. It has been demonstrated that
a safe handling and final storage 1s possible with present-day

1) From 84-07-01 the name of the company is changed to Swedish
Nuclear Fuel and Waste Management Company, SKB.
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Government
Ministry of Ministry of
Agriculture Industry
NAK Nuclear utilities
Ssi SKi Programmes ssPB sK OXG FKA
Funding
SKBF
KBS . Facili- | Opera- Fuel
R&D Admin ties tions Suppy
Controlling authorities:
NAK  National Board for Spent Nuciear Fuel
SKi Swedish Nuclear Power Inspectorate
SSi National Institute for Radiation Protection
Utilities:

SSPB  Swedish State Power Board

FKA Forsmarks Kraftgrupp AB (SSPB 74.5%, private and municipalities 25.5%)
SK Sydkraft AB (municipalities 53.5%, private 46.5%)

OKG OKG Aktiebolag (Sydkraft 35%, municipalities 16.25%, private 48.75%)

Executing organization:
SKBF Swedish Nuclear Fuel Supply Co (SSPB 36%, FKA 30%, OKG 22%, SK 12%)
KBS A division of SKBF and responsible for R & D

Figure 1-1. Main features of the Swedish organization for the management of radioactive waste.

technology for both alternatives. The description of a reproces-
sing alternative (1-1) was approved in 1979 by the Swedish Go-
vermment. A report on the second alternative, direct disposal of
spent fuel, (1-2) was submitted to the Govermment in May 1983 as
support for applications to charge the two new reactors, Fors-
mark 1 and Oskarshamn 3 with fuel. The Govermment has sent the
report for review to 22 Swedish and 8 foreign institutions.
Their statements will be avaible early 1984 and the final deci-
sion of the Swedish Govermment is expected in mid 1984.

The planning, design and start of construction of an underground
final repository for reactor waste near the Forsmark nuclear
power plant has also been handled within the division KBS during
1983. A construction license was granted by the Govermment in
June 1983 and excavation of the tunnels started in August 1983.
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1.5.2

NUCLEAR POWER UTILITIES

L L 1 ]
1
President
SKBF Sten Bjurstrom X}
Division Manager: Lars B. Niisson
KBS Secretary: Lilian Kumlin

|
| l I |

ADMINISTRATION
AND OFFICE SCIENTIFIC BASIS APPLICATIONS SPECIAL TASKS
Ake Nassi! GEOLOGY, HYDROLOGY WASTE FORMS STRIPA PROJECT
Mary Ek Hans Carlsson Hans Forsstrom Hans Carfsson
Birgit Schultz Harald Ahagen Harald Ahagen
CHEMISTRY TECHNOLOGY REPOSITORY FOR
Fred Karlsson Anders Bergstrém REACTOR WASTE
Tommy Hedman
MATERIALS SAFETY ANALYSIS FOREIGN ACTIVITIES
Lars Werme Ténis Papp AND DOCUMENTATION
Clses Thegerstrom
COSTS
x) until 83-05-01 Ofle Degerman
Erik Svenke

Figure 1-2. KBS organization during 1983.

Long-range program

Even if the KBS reports have shown that a safe final storage of
long-lived radioactive waste can be effected with present-day
technology and the geological conditions existing in Sweden, con-
siderable work remains to be done to show, how these measures
are to be realized in detail and in an optimal way.

The general principles which have been adopted as a basis for
the design of a final repository for high-level radioactive
waste, and which are deemed to be in compliance with current Swe-
dish legislation in the field, are the following:

o Siting deep in selected crystalline bedrock in Sweden.

o The utilization of a multibarrier system, where the barriers
consist of the limited solubility of the waste in the groundwa-
ter, a canister of a durable material, a layer of "buffer mate-
rial" between the canister and the bedrock and finally the bed-
rock 1itself with low groundwater flow and chemical retarda-
tion effects.

o Application of known technology.

o No dependency on long-range surveillance for the safety of
the repository.
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Figure 1-3. General time-table.

The general principles can be assumed to be applicable in the fu-
ture as well. It is, however, obvious that various solutions with-
in these fundamental frames should, as in the past, continue to
be considered and tested in the light of continuous technical-
scientific development in Sweden and abroad. Thus, even though
definitive designs cannot be given in detail today, it is neces-
sary to base overall efforts and cost calculations on a realis-
tic scenario for the treatment and handling of the waste. The ge-
neral time-schedule that currently serves as a basis for the
work 1s shown in Figure 1-3.

Owing to the lack of sufficiently detailed data, the safety as-—
sessments made up until now have, of necessity, been based in
part on pessimistic assumptions. As more and more knowledge 1is
gained, the systems can be defined with greater accuracy. Within
the fields of chemistry and hydrology in particular, continued
research promises to yield a better understanding of the pheno-
mena that determine the safety of a final repository. Extensive
research within these areas is therefore planned for the years
to come.

The choice of a site for a final repository for high—-level waste
can be of technical-economic importance and is also of great po-
litical and public interest. Extensive geological investigations
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1.5.3

1.6

are therefore being planned at many places in the country so
that a broad and reliable body of data will be available by the
end of the century, see Chapter 6.

Short-range program

During 1983 work started on an updated program for continued
R&D. In accordance with the new Act on Nuclear Activities this
program is based on the feasibility study presented in KBS-3. Du-
ring the next few years the program will be revised to cover
also other possible designs for the final handling and storage
of spent fuel. This revised program will be presented to the Go-
vermment in the later half of 1986.

During the 1980ies the emphasis will be placed on R&D necessary
to provide a basis for the site comparison planned for the turn
of the decade.

The Main activities comprise
- Continued site investigations
- Development of a comprehensive computerized base of geodata

- Studies of and models for groundwater flow and radionuclide mi-
gration in fissured zomnes

- Leaching and corrosion of spent fuel

- Natural changes with time of groundwater recipients in the
biosphere

- Development of computerized systems for performance assess-
ment.

INTERNATIONAL COOPERATION

Cooperation and exchange of information with foreign and interna-
tional organisations has continued during 1983. Among other
things, staff members of KBS and experts engaged by KBS have par-
ticipated in activities within the IAFA and the OECD/NEA.

International development in the field has been followed through
participation in a number of conferences, where Swedish papers

have also been presented.

The KBS-managed multinational OECD/NEA project at Stripa has pro-
gressed according to schedule and a phase 2 of the project has
been agreed upon. The following countries are now participating
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in the Stripa Project: Canada, Finland, France, Japan, Sweden,
Switzerland, United Kingdom and the United States. Spain has de-
clared the intention to join the project.

The original program for the JSS project, a joint investigation
on waste glass leaching supported by CRIEPI, Japan, NAGRA, Swit-
zerland and with SKBF/KBS as managing party, is nearly completed.
An additional phase to be performed during 1984-85 1is under dis-

cussion.

Information has been exchanged with US DOE, AECL, Canada and
NAGRA, Switzerland according to bilateral aggreements. A similar
aggreement with CEA, France, has been negotiated and is ready
for signatures.

KBS has participated in the INTRACOIN-project for comparison of
codes for nuclide migration in the geosphere. The intention is
also to participate in the planned HYDROCOIN-project comncerning
comparison of codes for groundwater flow.
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2.1

CHARACTERIZATION AND TREATMENT OF
WASTE

GENERAL

KBS~ work on the management and final storage of radioactive
waste 1s primarily concerned with the spent fuel and the waste
obtained from the operation of nuclear power plants. The waste
types studied are:

Spent fuel reprocessing waste

- high-level vitrified waste
- low~ and medium-level waste

reactor waste
decommissioning waste

Besides these types of waste, studies are also being conducted
of the possibility to deposit other types of radioactive waste
as well - for example waste generated in industry, health care
and research - in the final repositories being planned for the

nuclear power waste.

Most of the R&D work within KBS has been devoted to the final
storage of spent fuel and high-level waste. This work is describ-
ed in the following chapters. Reactor waste has also been given
high priority during the last years with special emphasis on the
design of the Final Repository for Reactor Waste (SFR) and the
safety assessment for this repository. This is described more in
detail in Chapter 8. The work on the final storage of low- and
medium-level reprocessing waste and decommissioning waste is
still in an introductory phase and is therefore discussed in a
brief passage in this chapter.
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2.2

2.2.1

2.2.2

2.2.3

WASTE FROM REPROCESSING

General

The contract between SKBF and COGEMA concerning the reprocessing
of spent nuclear fuel provides that all waste deriving from re-
processing may be returned to Sweden. In addition to the high-
level glass, this also includes several types of low- and medium-
level waste. Work on specifying the final form of this waste is
in progress within COGEMA, and a first series of specifications
for the vitrified waste was submitted 1in 1982. Specifications
for the low- and medium-level wastes are expected in mid 1984.
The formulation of these specifications has been discussed at meet-
ings between the COGEMA an its clients. SKBF is being represent-
ed by KBS in these discussions.

KBS” work on this waste is primarily aimed at demonstrating that
the waste can be managed and finally disposed of in a safe man-
ner. Most of the waste contains long—-lived alpha activity. For
this reason, the final disposal of the low- and medium-level
waste from reprocessing is planned to be coordinated with the
final disposal of high-level waste and spent fuel and will there-
fore not start before 2010. Work on this waste is of a basic R&D
character.

Waste types and planned treatment methods

Table 2-1 1lists the most important types of waste obtained from
reprocessing according to COGEMA and tells how they are planned
to be treated at La Hague.

Table 2-1. Waste from reprocessing
Waste type Treatment method
High-level liquid waste Vitrification

Fuel cladding hulls and pieces Solidification with cement
Ion exchange resins and sludge Solidification with bitumen

Scrap, paper, plastic etc Solidification with cement

High-level vitrified waste

The vitrified waste that is returned to Sweden will contain nine
percent by weight fission products. Most of the work on characte-
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rizing this glass is being done in France. At the same time, stu-
dies are being conducted in Sweden on how the glass behaves in
the final repository environment. This work is discussed in Chap-

ter 3.

Low— and medium-level waste

A question of great importance for the safety assessment of the
final disposal of cemented alpha-containing reprocessing waste
is the behaviour of actinides at the high pH caused by the concrete.
Fundamental experimental studies of this issue are in progress.
They comprise of sorption and diffusion measurements for dif-
ferent concrete types. In total seven different concretes have
been used, two of which are more than 70 years old. The pore
water has been characterized for each sample as regards pH, pri-
mary cations, ionic strength, eH etc.

Sorption measurements on crushed concrete in a pore water sol-
ution have been performed with Cs, I, Pu, Am(III), Np(V) and
U(VI). The results indicate that in general the distribution co-
efficient for concrete is at least as high as for rock samples
at neutral pH. JTodine (I) has a higher (10-100 times) distribu-
tion coefficient on concrete than in rock while Cs has a substan-
tially lower distribution coefficient.

The effect of complexing agents such as TBP or triethanolamine
was studied in some samples and was found to be low at the con-
centrations expected. Diffusion measurements in different concre-
te samples with Cs, Am and Pu are in progress since mid -83 and
results are expected during 1984,

The chemical environment can be altered by radiolysis. Theoreti-
cal studies of radiolysis in concrete have been performed. The
results from simplified calculations have been compared with mea-
surements. It is found that these calculations can reproduce the
general behaviour. On certain points, eg. the measured consump-
tion of oxygen during irradiation, however, they fail and a more
detailed model is needed.

The HIPOW process

An alternative method for the treatment of cladding hulls, deve-
loped by ASEA under contract to KBS, was described in the annual
report of 1980. The method is called HIPOW (Hot Isostatic Pres-
sing of Waste) and involves pressing the hulls into a fully com-
pact, pore-free zircaloy block. Pressing takes place in a hot
isostatic press at about 1 000°C and 150 MPa. During 1982/83 the
studies have been completed with test pressings of non-precompac-
ted cladding hulls in a bellow canister.
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2.3

2.3.1

2.3.2

REACTOR WASTE

General

Low- and medium-level waste with a hazardous life shorter than
500 years is generated during operation of nuclear power plants
and the storage of spent nuclear fuel. This waste 1s called reac-
tor waste. KBS work on reactor waste is aimed primarily at deve-
loping safe disposal methods. KBS” resources are also utilized
for studies of treatment methods for different waste types of
common interest to the Swedish nuclear power industry.

Work on a final repository for reactor waste, SFR, has been
going on during the year. It is described in Chapter 8. In paral-
lel with this project, studies are also being conducted of the
product characteristics of the waste that is to be deposited in
the SFR as well as on new treatment methods for the waste.

Waste types and current treatment methods

Table 2-2 lists the most important waste types obtained in con-
nection with reactor operation and tells how they are currently

treated.

Table 2-2. Current treatment methods for waste from Swedish
nuclear power plants.

Waste type Current treatment

Core components No treatment

Ion exchange resins and sludge Solidification with cement
or bitumen

Dewatering

Scrap Incorporation in cement or
simply packaging

Low-level solid waste Compaction or incineration

Currently, this waste is stored at the nuclear power plants pen-
ding construction of the central final repository.



2.3.3

2.3.4

2:5

Ton exchange resins solidified in cement

Solidification systems for ion exchange resins 1in cement have
been in operation at two Swedish nuclear power plants for about
ten years. The operations have generally been successful. The vo-
lume increase incured by the process 1is, however, disturbing.
Studies of an improved solidification method of resins in cement
are therefore performed by the utilities.

Some ion exchange resins, notably from decontamination work, con-
tain organic acids that can adversely affect the solidification
of the waste in cement. A method has been developed to incorpora-
te these wastes into cement. It includes a pretreatment of the
waste to destroy the acids followed by normal mixing with ce-
ment. Tests have been carried out on full scale (1 m3) samples

with good results.

Ton exchange resins solidified in bitumen

The ion exchange resins are dried before they are solidified in
bitumen or during the solidification. When they have been placed
in a final repository, they will absorb water again with time.
This process is very slow, since the bitumen impedes the water
from penetrating into the ion exchange grains. After a long pe-
riod of time, however, it must be assumed that the grains will
be saturated with water. The swelling of the bitumenized waste
could lead to damage of a barrier in the final repository. In
thelr evaluation of the safety of SFR, the Swedish nuclear power
inspectorate stated that such a situation is not acceptable.

Several studies have been performed to further clarify the swel-
ling process. These studies include determination of swelling
pressures for naked dried ion exchange resins as a function of
the water uptake, and determination of water uptake rate in bitu-
menized resins. The measurements are complemented by a theoreti-
cal study. Some factors that affect the swelling are:

- type of resin and resin concentration
- drying temperature and time

~ pretreatment

- residual water content

- absorbed radiation dose

- water quality

The measurements show that swelling pressures of 10 MPa or more
can be obtained 1if the resins are hindered from swelling during

water uptake.

The water uptake rate in bitumenized resins is primarily determin-
ed by the resin/bitumen ratio. Experiments indicate that if the



o
(o))

2.3.5

2.3.6

resin content 1is less than 507 the time needed to fill the 10%
void space in a waste package 1s more than ! 000 years.

All measurements have been performed on samples prepared in the
laboratory. However, tests are in progress with samples extruded
from the solidification facilitites at the nuclear power plants.
Preliminary results indicate that the swelling is less for these

samples.

Another question of interest for the final disposal of bitumeni-
zed waste 1is the possible attack of microbes. A literature sur-
vey has been done and experimental work on both aerobic and anae-
robic degradation of bitumen 1s in progress.

Other treatment methods for ion exchange resins

In the annual report of 1981 the outlines of a new treatment met-
hod for ion exchange resins, called PILO, was described. In
brief, it involves transferring the radioactivity from the orga-
nic ion exchange resins to inorganic ion exchangers (titanates
and zeolites). The method affords the following advantages:

* After heat treatment of the inorganic ion exchangers, a volume
reduction of the waste by a factor of 5-10 is obtained compa-
red to the untreated organic ion exchange resin.

* The activity 1is bound in a matrix with very good long-term sta-
bility and leaching properties.

During 1982 the experimental work on the PILO-process was comple-
ted. An evaluation of the process has then been done to determi-
ne whether the PILO process entails such improvements with re-
spect to safety and economy in comparison with currently applied
conditioning methods that a full-scale adoption of the method
in the Swedish nuclear power system is justified. The result of
this evaluation was that, in spite of the reduced waste disposal
costs, the overall system costs would be greater with the imple-
mentation of PILO in the Swedish system. (KBS TR 83-23) One im-
portant factor in the evaluation was the fact that PILO would re-
place already installed systems. Further development work on
PILO has therefore been phased out from the KBS program.

For low-level resins from the condensate clean-up system inci-

neration could be an alternative. Pyrolysis is therefore being
studied by the Swedish utilitites.

Quality control of reactor waste

Since the general outline of the final repository for reactor
waste now has been determined, it 1s possible to specify quality
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requirements on the reactor waste. A study with this purpose is
running. The aim of the study is to identify the characteristics
of the waste that determines the safety during the different
steps of handling, storage and disposal and to determine the qua-
lity control and assurance program required.

Alfa-content in reactor waste

Although the radioactivity content of the reactor waste primari-
ly consists of corrosion and fission products with a rather
short half 1live (30 years or less), also traces of long-lived
alfa- emitting radionuclides will appear. The two main contribu-
tions of alfa-activity in SFR will come from primary water clean-
up resins and from fuel element crud that is released at the re-
ception of fuel at CLAB. To get a basis for the evaluation of
total alpha-content in SFR a series of measurements has been
done in some Swedish reactors. These include analysis of reactor
water and fuel scrapings. The results indicate that the short-
lived 242cp gives most of the alpha-activity (90%) and that the
content of long—-lived alpha-emitters 1is normally 1less than

1GBq/reactor year.

Corrosion of steel in concrete

A potential means of off-setting the barrier function in the
silo repository in SFR is the build—up of gas—-pressure inside
the silo. One mechanism for gas production that has been identi-
fied is hydrogen producing corrosion of the steel under anoxic
conditions. The concrete in the silo guarantees that a high pH
will be maintained around the steel in the repository {(in waste
and construction reinforcement) which leads to a very slow corro-
sion rate, if any. Experiments are in progress, which indicate
corrosion rates around lum/year.

WASTE FROM THE DISMANTLING OF NUCLEAR POWER
PLANTS

Only minor work concerning waste from the dismantling of nuclear
power plants has been done by KBS during 1983 in connection
with cost calculations for the back end of the nuclear fuel
cycle. - Practical experience with the handling and classifica-
tion of waste from dismantling has been obtained by Studsvik
Energiteknik in connection with the dismantling of the research

reactor Rl in Stockholm.

Preliminary studies are in progress within the State Power Board
regarding the future fate of the small PHWR Agesta which was de-
commissioned 1974 and since then been kept in protective stor-

age.



3 MATERIALS

3.1 SPENT FUEL

Two high-level waste forms, spent fuel and vitrified waste from
reprocessing, are currently being considered within the KBS
studies. During 1983, the main thrust of activities has been on
spent fuel. The studies on spent fuel characterization and leach-~
ing are made in close contact with groups in Canada and United
States. A third workshop on the subject was organized in Novem-
ber 1983 in Boston (KBS TR 83~ 76).

The experiments /3-1/ carried out for KBS at Studsvik during
1982-1983 have been made with segments of BWR fuel with a burnup
of 41 MWD/kgU. Segments of fuel and cladding were cut from diffe-
rent zones along a well characterized fuel rod but with about
the same burnup and duplicate tests were always performed using
fuel from different zones.

A modified IAFA test was carried out in deionized water (pH
7.0), while all other tests employed synthetic groundwater (see
Table 3-1). On completion of each leach period an aliquot of the
leachant was filtered through a 1.5 - 2.0 mm membrane filter.
The centrifugate was considered to contain the fraction in true
solution and the fraction retained on the filter as a colloidal

fraction.

Table 3-1. Composition of the synthetic groundwater, used for leaching of spent

fuel.
Species HCO; 510, soZ‘ c1” caZt Mg2t x*t Nat
ppm 123 12 9.6 70 18 4.3 3.9 65

pH: 8.0 - 8.2, Ionic strength: 0.0085.
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Figure 3-1. Comparison of results from sequential (IAEA-type) and static leaching in groundwater
for duplicate specimens.

Open symbols: static tests.
Filled symbols: sequential tests.

FIAP denotes fraction of inventory in aquaous phase, i e sum of centrifugate and
colloidal fraction.

Most of the experiments were performed under oxidizing condi-
tions in order to provide benchmarking data and to permit compa-
rison with other published results. However, some experiments
were performed attempting to impose reducing conditions, which
are expected to prevail in a repository.

Oxidizing conditions

As expected, about 12 of the Cs-137 inventory was rapidly leach-
ed out; most during the first 10 days. After this initial
phase, the leaching decreased considerably and for longer pe-
riods of time, the leach rates were in the range 4 - 1077 4~

after 450 days. As is evident from Figure 3-1, there were initi-
al differences between the specimens from different parts of the
fuel rod. These differences had virtually disappeared after
about 100 days of leaching. These initial differences, which are
not reflected in corresponding leaching of uranium and actinides
(see Figure 3-2), indicate selective leaching of Sr at least ini-

tially.

The leach rate for uranium was about 7 - 108 a~! while for Plu-
tonium and Curium values of 3 - 10"9 d—1 were found.
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Figure 3-2. Sequential (IAFA-type) leaching results for groundwater. Duplicate specimens.
3.1.2 Solubility limitations

When the concentrations in the centrifugates are plotted as a
function of contact time, it can be seen that uranium reaches an
apparent saturation 1limit after about 10 days at a level of
about 800 ppb (see Figure 3-3). This is in good agreement with
the values calculated by Johnson /3-2/ based on data published
by Paquette and Lemire /3-3/, but considerably lower than the
concentrations conservatively estimated from the carbonate
concentrations in the synthetic groundwater (123 ppm HCO§ should
lead to 160 ppm UOZ(CO3)§_.

This descrepancy cannot be accounted for by absorption of ura-
nium on the vessel walls. Normally, only small quantities were
found when washing the vessels in decontamination solution, the
maximum quantities being in the same order of magnitude as those
fractions found in the aqueous phase. However, very slow reac-
tion kinetics may be operative and cause this apparent satura-
tion.

The results for the centrifugates of delonized water seem to in-
dicate a saturation much lower, about 20-30 ppb. Complexing of
uranium by the carbonate in the groundwater is the probable rea-
son for these differences.
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Figure 3-3. Concentrations of uranium found in leach solution centrifugate. Open symbols:
groundwater. Filled symbols: deionized water.

Reducing conditions

Some experiments to impose reducing conditions have been perform-
ed using hydrogen gas in the presence of a palladium catalyst
as reducing agent. These experiments must be regarded as preli-
minary method trials, but significantly lower leach rates were
achieved. While for oxidizing conditions, centrifugate concentra-
tion of uranium of about 800 ppb were found, the values for re-
ducing conditions represent results at the analytical detection
limit, which is around 15 ppb.

WASTE GLASS

Simulated inactive glass

For nuclear waste glass studies, the results from 1983 refer to
the phase of the ongoing program, i e studies of the effects of
repository components interactions on the release for vitrified
waste. Three glass compositions have been studied, ABS 39, 41
and 118. ABS 118 being a nonradioactive simulation of the waste
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Figure 34. Alkali SIMS in-depth profiles from glass-glass interfaces (a) and glass-bentonite

interfaces (b). The deeper profiles refer to glass ABS 39. The shallow profiles refer
to glass ABS 41. Note the different scale in a) and b).

glass proposed by COGEMA for the UP3 vitrification plant in La
Hague.

The investigations have included studies of the influence of ben-
tonite, granite and stainless-steel corrosion products on the
leaching of glass. Generally, the findings are that the presence
of granite alone seems to lower the corrosion rate of the glass-
es, probably due to earlier occuring saturation. However, bento-
nite, compacted as well as uncompacted and even water equilibrat-

ed with bentonite proved to strongly enhance the corrosion of a
nuclear waste glass /3-4/.

The ongoing Stripa burial experiments using the glass composi-
tions ABS 39 and ABS 41 have been evaluated in exposure times up
to 12 months /3-5, 3-6/. The results confim the findings from
laboratory experiments, 1 e the contact with bentonite produces
a rapid corrosion attack extending about 2-3 times deeper than
the corresponding corrosion depth for a glass-glass interface
(see the SIMS alkali profiles shown in Figure 3-4). However, the
results indicate that the initially high corrosion rates pro-
duced by the bentonite interface is rapidly slowed down after the
corrosion layer has developed and thereafter approach the corro-

sion rates of glass-glass and glass-granite interfaces (see Fi-
gure 3-5).
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Figure 3-5. Reaction layers depth & a function of time for different interfaces.

JSS-project

The JSS-project is a joint project between SKBF/KBS, NAGRA (Swit-
zerland) and CRIEPI (Japan). :

The phase I of the JSS—project has been completed and the final
report for that phase 1s currently being prepared. The general
finding 1s that the radioactive glass behaves similarly to the
non-radioactive simulation, ABS 118, and that no effects of radia-
tion of the corrosion behaviour has been found so far.

Prolonging the project with a phase IV is currently discussed,
but the details of the program are still to be decided.

CANISTER MATERIALS

Copper

The main thrust during 1983 has been directed towards copper as
canister material. Most of the studies on copper are reported
in more detail in the KBS-3 report and will therefore only be
briefly reviewed here.
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Copper corrosion

The assessment of the corrosion of a copper canister in the repo-
sitory environment has been updated (KBS TR 83-24). Since copper
is thermodynamically stable in pure water, the corrosion rate is
controlled by the tramsport of corrodants from the surroundings.
Initially, oxygen trapped in the deposition holes and the tun-
nels will be the major corrodant, but for longer periods of
time, the corrosion will be controlled by the supply of sulphide
from various sources. The total uniform corrosion attack on a ca-
nister can be seen in Table 3-2.

Table 3-2. Depth of uniform attack (mm) on a copper canister caused by reac-
tants supplied from the outside as a function of exposure time.

Exposure time, years

Reactant 103 10 10° 10°
Oxygen

Initially in deposition hole 0.04 0.04 0.04 0.04
From tunnel without vivianite 0.03 0.03 0.03 0.03
addition

From groundwater via fractures 0.00 0.00 0.00 0.02
Sulphide

Initially in deposition hole
with 0.02%7 S in bentonite, incl
microbially formed sulphide 0.05 0.05 0.05 0.05

From tunnel with 0.02% S%7 in
bentonite, incl microbially

formed sulphide 0.00 0.00 0.04 0.37
From groundwater via fractures,

incl microbially formed sulphide 0.00 0.00 0.02 0.17
Total, mm 0.12 0.12 0.18 0.68

In addition to a uniform attack, several localized corrosion phe-
nomena may occur. In particular, pitting and stress corrosion
cracking have been studied.

In order to better elucidate the pitting corrosion in copper, ar—
chaeological copper and bronze objects have been studied and the
pitting factor measured (KBS TR 83-05). Generally, low pitting
factors were found (£ 5) supporting the conclusion that the pit-
ting factor decreases with time (KBS TR 83-24). A study of some
older lighting conductor plates also revealed very low pitting
factors (KBS TR 83-24).
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Figure 3-6. X-ray radiogram of a defect-free electron beam welded section in 10 cm thick copper
In the 5 cm thick backing (section A—B) some root defects can be seen.

The susceptibility of copper to stress corrosion cracking was
studied using the slow strain rate testing in various environ-—
ments. In the tests, both aerobic and anaerobic conditions were
used and the results indicated lack of susceptibility to stress
corrosion for the groundwater compositions likely to prevail in
the repository. However, as expected nitrite contamination of
the groundwater was found to promote stress corrosion, but only
at concentrations exceeding 69 ppm (KBS TR 83-06).

Welding of copper

A feasibility study of electron beam welding of thick copper has
been completed and show that full penetration of 100 mm thick
OFHC copper can be achieved at a power level of 75 kW (KBS TR 83—
25). TFor steady state conditions, a defect free weld can be
made, see Figure 3-6. However, in ending the weld (fade out) it
is still not possible to completely eliminate root defects. A se-
mi-full- scale 1id weld has also been performed successfully,
see Figure 3-7).
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Fig  3-7. General view of simulated lid assembly as-welded.

Titanium

Titanium has been proposed as canister material and it is the
major candidate material among passivated metals. A study of the
kinetics and structure of the passive film generated on titanium
in aerobic and anaerobic conditions has been completed /3-7/.
The study shows an amorphous oxide film with a thickness that
grows linearly with the logarithm of time as expected for these
types of metals. The growth rate is independant of whether oxy-
gen 1s present in the water or not (see Figure 3-8). The growth
rate of the oxide film formed in contact with bentonite is found
to lie on the same curve for exposure times up to two years. The
regeneration rate of the film is low; in three months a layer of
about 1A of the titanium metal has left the specimens.
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4.1

ENGINEERED BARRIERS, DESIGN AND
TECHNOLOGY

CANISTERS

Two alternative designs of copper canisters have been further
studied; one with £illing of lead and sealed by use of electron
beam welding and the other with filling of copper powder which
is solidified by use of hot isostatic pressing, the HIP method.

Welded copper canister

As mentioned in Chapter 3 electron beam welding of thick copper
has been tested on a canister 1id in full scale. The tests show
the feasability of welding of more than 100 mm thick copper (KBS

Two methods for pouring molten lead into a copper cylinder
have been tested. A cylinder with a simulated BWR fuel bundle
with reduced length, (2 m) was used. In both cases the cylinders
were filled from the bottom and up through a steel tube. In one
case the contraction during cooling was compensated for by a se-
cond filling, in the other case by artificial cooling of the
bottom. The test results show that the open space in a canister
can be filled up by lead to more than 98 per cent, giving a
final void of less than 2%.

HIP canister

Two top parts of canisters in about full-scale have been fabrica-
ted for demonstration of the technical feasability of embedding
each fuel rod in a canister with solid copper by using hot iso-
static pressing (HIP). The canister diameter was 610 mm before
pressing, had a length of about 2 m and a total weight of 4 300
kg, see Figure 4-1. In the HIP process pressures up to 150 MPa
and temperatures up to 500°C were used. Testing of the solid cop-
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Figure 4-1. A HIPed canister with seven shortened simulated fuel bundles of BWR type embedded
in copper. Dimensions @ 600 x 1800 mm. Weight 4300 kg.

per from pressed powder have shown values of strength and ducti-
lity corresponding to copper in annealed condition.

The HIP process, caused a shrinkage of 4% on the diameter and 1%
on the length.

FACILITY DESIGN STUDIES

The main features of the KBS-3 repository concepts are shown in
Figure 4-2.



, 3300

(=]
]
q V‘ ”‘ (' ‘; N
g FILLOF e
) : SAND-BENTONITE e
AL
. i, ,t)‘jwy‘:“;u - Vanan
R Nt A
o ) - e n
* _ AT
RS CSa
é) = = bt depn
~— /.:J:Lt';”WMIVWMMLMAW
= j
[Va]
o~
S o
2 CANISTER FOR SPENT FUEL
7 -
o b /;'f
K wj»; f;f "% GAP APPROX.50 MM FILLED
-t : (’, 7 WITH BENTONITE POWDER
b Bl |
&
S GAP APPROX. 10 MM
. 5 -
, 5 ~ BLOCKS OF HIGHLY COMPACTED BENTONITE

7 BASE PAD OF BENTONITE POWDER
red

l¢1500

Figure 4-2. Deposition hole with canister and buffer material and with backfill in storage tunnel
(left). Tunnels and shafts in the final repository for spent fuel (right)

K4

€



414

4.3

4.3.1

Receiving station

Personnel elevator

Emplacement of
concrete mouids

\ Deposition tunnel
Length about 90 m
Cross-sectional area 55 m2

Figure 4-3. Final repository for fuel boxes etc.

Some further calculations of the temperatures in the repository
have been made (KBS TR 83-22). Studies have also been performed
of the design of a separate repository for BWR-boxes, control
rods etc (KBS TR 83-20), see Figure 4-3.

CLAY BARRIERS

General

In the concepts for final repositories for spent fuel, and for
reactor waste, SFR (see Chapter 9) bentonite based clay-mixtures
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are used as components in the multibarrier system. The main func-
tional requirements of these buffer- and backfill materials are

* low hydraulic conductivity
* sufficient bearing capacity

* sufficient ductility to eliminate negative consequenses of pos-
sible rock movements

* swelling potential to fill up voids
* gsufficient heat conductivity

* chemical and physical stability

During 1983 the studies has focused on the physico-chemical pro-
perties of smectite-rich clays, the rheological behaviour of
highly compacted bentonite and the chemical and physical stabili-
ty of bentonite gels.

Highly compacted bentonite has been studied in a realistic envi-
romment in the Stripa project, see Chapter 10.

Methods for application of bentonites with lower densities suit-
able for use in SFR, see Chapter 9, have been tested.

Rheological and physical properties of bentonite gels

The stress/strain behaviour of dense bentonite was measured in
laboratory experiments in order to model the creep behaviour
with undrained and drained conditions and at elevated temperatur-
es. Nuclear magnetic resonance technique (NMR) was used for mea-
surements of the spin-spin coherence time (T2) which was found
to be very short for a water content in the interval 25-35%,
which points to highly ordered water lattices. The main objec-
tive for further research with use of this technique is to im-
prove the physical model for water/smectite interaction and to
use this technique in connection with laboratory experiments for
studies of chemical alterations at higher temperatures. Viscome-
ter tests and pinhole experiments were performed in laboratory
(KBS TR 83-04).

Theoretical models for clay gel migration into rock joints were
used and the risk of erosion by flowing groundwater was estimat-
ed by comparing clay particle bond strength evaluated from vis-
cometer tests and theoretically derived drag forces (KBS TR 83-04)

Chemical stability of smectite minerals

Natural analogues on smectite alteration under known geological,
temperature and pressure conditions may give information of smec-
tite/illite conversion over long time periods.



4:6

4.3‘4

Studies - sampling and mineral analysis - of clay formations at
Kinnekulle and Hbganids have been performed. The results indicate
that a possible cementation mechanism, i e quartz precipitation,
may be associated with the smectite/illite conversion (KBS TR 83~

16).

A workshop on the long term stability of smectite minerals was
organized in cooperation with DOE in Washington D.C. in Decem-

ber, 1983.

Sealing of boreholes, tunnels and shafts

Tests of highly compacted bentonite as sealing material in bore-
holes and shaft- and tunnel plugs, have started in Stripa, see

Chapter 10.
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5.2.1

CHEMISTRY

GENERAL

The chemistry program comprises the study of chemical conditions
that influence the degradation of the canister material, the dis-
solution of the waste matrix and the transport of radionuclides
in the buffer and the rock. The studies are divided into the fol-
lowing four categories.

o} Groundwater chemistry investigations, including groundwater
characterization and efforts to understand the variability
due to natural circumstances or induced by the near-field re-
actions in the repository.

o} Radionuclide chemistry comprising the build-up of a fimm
chemical data base on the behaviour of radionuclides in the
anticipated enviromment and correlated vradiolytical ef-
fects.

o Model development regarding canister degradation, the relea-
se of radionuclides to the rock-groundwater enviromment and
the transport and dispersion of released radionuclides in
that enviromment.

o In-situ tests and natural analogue studies intended to bridge
the gap between on one hand theoretical and short-term labora-
tory studies and on the other hand processes in a realistic
enviromment and during a realistic, geological time frame.

GROUNDWATER CHEMISTRY

Groundwater analyses and characterization

The year 1983 has been an intense period of site investigations
and a large number of groundwater samples have been collected
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and analysed. The results from the areas Gided (KBS TR 83-17),
Fjdllveden (XBS TR 83-19), Svartboberget (KBS TR 83-41) and Kam-
lunge (KBS TR 83-70) have been compiled and reported.

A general characterization of groundwater at depth on the basis
of these and related results has been reported (KBS TR 83-59).
The important and interrelated parameters pH and carbonate con-
tent have also been dealt with and reported (KBS TR 82-25). A
further evaluation of groundwater composition including advanced
geochemical model calculations is under way.

The composition of groundwater at depth in granitic rock is ge-
nerally within the limits given in Table 5-1. The irrational oc-
currence of highly saline water is a notable deviation, the ori-
gin of which is being investigated. Interpretations so far favo-
ur the rock itself as a major source rather than a marine ori-
gin. The implications of raised salinity for the copper canis-
ters and radionuclide chemistry have been evaluated in the KBS-3

study.

Table 5-1. Normal composition of deep granitic groundwater in
Sweden (concentrations in mg/l).

pH 7 -9 ca’t 10 - 40
Eh, V 0 - (-0.45) Mgt 2 - 10
HCO3 90 - 275 Na© 10 - 100
507~ 0.5 - 15 x* 1-5
HPOZ ™ 0.01 - 0.2 Fel* 0.02 - 5
NO3 0.01 - 0.05 Mn 2t 0.1 - 0.5
F~ 0.5 - 4 NHj 0.05 - 0.2
c1” 4 - 15 510, (tot) 3 - 14
HS 0 - 0.5 TOC? 1-8

a Total content of organic carbon.

The organic content of the groundwater have been further identi-
fied as humic and fulvic acids which like the carbonate ions are
important as potential complex forming agents for the actinides.
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Data on natural radioactive and stable isotopes in the groundwa-
ter, which could be helpful to tell the history of the water,
have been collected. However, evaluations have not yet been suc-
cesful due to interpretation problems identified in the course
of the investigations /5-1 and 5-2/. The intriguing question of
groundwater history will be further studied. This is also an im-
portant part of the studies performed by the international ex-
perts of the hydrochemistry group within the Stripa project.

Redox conditions

The presence of iron(II) in minerals is expected to cause redu-
cing conditions at depth; ensuring the stability of copper canis-
ters and giving a low solubility and low mobility to most of the
radionuclides of interest (TR 83-38). The direct measurement of
redox potentials in groundwater is generally recognized as being
a difficult task /5-3/.

Special equipment has been developed for the direct electrochemi-
cal measurement of Eh in the field and great care has been taken
to sample and analyse the redox sensitive groundwater components
such as iron, manganese and sulphide, dissolved oxygen and urani-
un. The results have been evaluated and reported together with
supporting simulating laboratory experiments (KBS TR 83-40). The
measurements clearly shows the anticipated reducing conditions
in the deep Swedish chrystalline bedrock.

In parallel a new generation of equipment is being developed
where the redox potential is measured in situ. This outfit is
being integrated with a mobile field laboratory, which is under
construction.

Fracture minerals and thermal effects

A typical groundwater composition is obtained in a process where
infiltrating surface water, low in dissolved solids, takes up
carbon dioxide from the biological activity in the root zone and
reacts further with the minerals on the way down to deeper le-
vels. The fracture minerals of Gided have been carefully investi-
gated which has validated the simplified description above and
also shown evidence of early hydrothermal events (KBS TR 83-74).

The presence of a high level waste repository will create a ther-
mal pulse in the surrounding rock. Geochemical model calculations
of the effect of this pulse on the chemistry of groundwater and
minerals are performed with Gided as a typical area. This work is
still going on and preliminary results (KBS TR 83-74) show a good po-
tential of the approach used.
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RADIONUCLIDE CHEMISTRY

Thermodynamic properties

Basic chemical data on the solubility, complex formation and
redox properties of actinides and technetium under repository
and ambient groundwater conditions have been compiled and evalu-
ated in the course of the KBS-3 study (KBS TR 83-02, 83-35 and 83-
60). Some of these data, especially on uranium, have been generat-
ed within the program /5-4/.

Coprecipitation is a limiting mechanism for the release of radio-

nuclides from the repository. This has been studied for the pre-
cipitation of plutonium with uranium (KBS TR 83-02, appendix 2).

Colloides and organic complexes

The formation, stability and mobility of actinide colloides form-
ed by precipitation or sorption on inactive particles have been
studied (KBS TR 83-08). The sorbtion phenomena will be studied
further.

Effort has also been directed to the evaluation of natural orga-
nic substances as potential carriers of released radionuclides
(KBS TR 83-08 and 83-09). Experiments with and without organic
complex—-forming agents show that the sorption and retardation of
the nuclides may be lowered by as much as one order of magnitude
by the presence of these substances. (KBS TR 83-08, see also Fi-

gure 5-1).

>Sorption and diffusion

The sorption of radionuclides on the mineral surfaces is an im-
portant retention mechanism. Data on the sorption of fission pro-
ducts (KBS TR 83-07 and 83-63) and actinides (KBS TR 82-21) have
been compiled for the KBS~3 study. A considerable quantity of
this information has been experimentally obtained within the pro-
gram (KBS TR 82-21 and 83-63).

The importance of water phase conditions (KBS TR 83-61) and mine-
ral surface properties (KBS TR 83-64) has been carefully investi-
gated experimentally in a rather unique effort. These are impor-
tant steps in the direction of a deeper understanding and theore-
tical modelling of the sorption phenomenon.

Diffusion of radionuclides into the micropores of the rock mat-
rix will considerbly increase the available mineral surface for
sorption and thereby increase the capacity of the rock to retain
radionuclides (see Figure 5-2). This effect has been demonstrat-
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Figure 5-1. The distribution coefficient for americium as a function of pH in the granite-groundwater
system in the presence of a strongly complexing humic acid, o without humus, e 0,1 mg/
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ed by laboratory experiments (KBS TR 82-12, 82-26 and 83-15)
field experiments in Stripa (XBS TR 82-08, and 83-39), natural
analogue investigations (XBS TR 82-15) and theoretical studies
(KBS TR 83-37). This approach has also been used in the inter-
pretation of in-situ migration experiments (KBS TR 83-38). The
"into the rock matrix" diffusion concept has been an integrated
part of the migration models used in the KBS-3 study (KBS TR 82-
05).

Diffusion of different species through the bentonite buffer has
been studied as a base for the evaluation of chemical transport
in the near-field. The experimental studies comprise radionucli-
des (KBS TR 83-34) and inactive species such as colloides, orga-~
nic substances, sulphide ions and hydrogen (XBS TR 82-17 and 83-
71). The 1involved mechanisms have been discussed theoretically
(KBS TR 82-27 and 83-37).

It should be noted that little emphasis has so far been placed
on the retention of radionuclides in the buffer. The near-field
transport of inactive species on the other hand determines the
canister service life and the over all near-field performance.
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Figure 5-2. Autoradiographs showing the diffusion of 137 ¢ into calcite-covered granite. Pene-
tration depth given in mm. The thickness of the calcite layer is 1.5-2 mm. The sample
containing a natural fracture with calcite-covered surfaces has been taken from a depth
of 358 m in Finnsjon. The fracture surface has been contacted with the cesium solution

for about 5 months.

Radiolysis

The effect of radiolysis from high level waste can be minimized
during a long period of time by the shielding effect of the ca-
nister (KBS TR 82-02). However, if the canister in a far future is
penetrated the alpha radiolysis may be of significant importance
(KBS TR 82-18). Theoretical calculations supported by experiments
with radiolysis of water in bentonite clay (KBS TR 83-27) have
been performed, see figure 5-3.

The possible effects of alpha radiolysis on spent fuel dissol-
ution (KBS TR 83-02) and on redox conditions in the near—field
environment have been evaluated (see 5.4.1).

CHEMICAL TRANSPORT MODELS

Near-field transport models

The near-field includes the buffer and the first 